Abstract -Upon detecting a frequency event in a power system, the stepwise inertial control (SIC) of a wind turbine generator (WTG) instantly increases the power output for a preset period so as to arrest the frequency drop. Afterwards, SIC rapidly reduces the WTG output to avert over-deceleration (OD). However, such a rapid output reduction may act as a power deficit in the power system, and thereby cause a second frequency dip. In this paper, a hybrid reference function for the stable SIC of a doublyfed induction generator is proposed to prevent OD while improving the frequency nadir (FN). To achieve this objective, a reference function is separately defined prior to and after the FN. In order to improve the FN when an event is detected, the reference is instantly increased by a constant and then maintained until the FN. This constant is determined by considering the power margin and available kinetic energy. To prevent OD, the reference decays with the rotor speed after the FN. The performance of the proposed scheme was validated under various wind speed conditions and wind power penetration levels using an EMTP-RV simulator. The results clearly demonstrate that the scheme successfully prevents OD while improving the FN at different wind conditions and wind power penetration levels. Furthermore, the scheme is adaptive to the size of a frequency event.
Introduction
The system frequency, which indicates a balance between power generation and consumption in a power system, should be kept within an allowable range at all times. If a mismatch between generation and consumption appears due to a large generator trip or a sudden load variation, synchronous generators (SGs) naturally release their kinetic energy (KE) stored in the rotating masses as an inertial response. The SGs then participate in primary control to arrest the system frequency drop [1] .
Variable-speed wind turbine generators (WTGs), including doubly-fed induction generators (DFIGs) and fully rated converter-based WTGs, have been widely used because they perform maximum power point tracking (MPPT) control in order to capture maximum energy from wind. However, MPPT decouples the WTG frequency from the system frequency, thereby reducing system inertia. Consequently, frequency stability in the power system is jeopardized, particularly at high wind power penetration levels [2] . WTGs are thus forced or recommended to participate in frequency control so as to facilitate frequency stability in a power system [3] .
In a number of studies on inertial control in WTGs, it has been reported that the output power can be increased by releasing the KE stored in the rotating masses of WTGs. Inertial control can be divided into two groups: frequency based inertial control (FBIC) [4] [5] [6] [7] [8] [9] and stepwise inertial control (SIC) [10] [11] [12] [13] [14] [15] . Based on the measured frequency, FBIC employs one or two auxiliary loops: a rate of change of frequency (ROCOF) loop [4] , a frequency deviation loop [5] , ROCOF and frequency deviation loops [6] , and maximum ROCOF and frequency deviation loops [7] . While FBIC contributes to an increase in the frequency nadir (FN), it shows a relatively slow response, because the additional power from the auxiliary loops relies on frequency variations. On the other hand, to improve the performance of inertial control, the gain of frequency deviation loop was regulated depending on the rotor speed of WTGs [8] and the ROCOF [9] .
To provide a faster response when a disturbance is detected, SIC switches the power reference for MPPT control to the reference for SIC. The reference is then instantly increased and maintained for a predefined time. Because the output is instantly increased at the initial stage of an event without using the measured frequency, SIC improves the FN more than FBIC. However, SIC schemes should decrease the output to prevent over-deceleration (OD) [10] [11] [12] [13] . Such a decrease may act as a power deficit in a power system, thereby causing a second frequency dip (SFD). To reduce this drawback, ramp reduction has been suggested as an alternative to instant reduction [14, 15] . While these schemes partly lessen the degree of an SFD, they are unable to completely prevent it. Furthermore, conventional SIC schemes may cause OD during inertial control under low wind conditions.
In this work, a hybrid reference function for the stable SIC of a DFIG is proposed to prevent OD while improving the FN. To achieve this objective, the proposed reference function is separately defined prior to and after the FN. In order to improve the FN when an event is detected, the reference is increased by a constant and maintained until the FN. This constant is determined by considering the power margin and available KE. To prevent OD, the reference decreases with the rotor speed after the FN. The performance of the proposed scheme was validated under various wind conditions and wind power penetration levels using an EMTP-RV simulator. Fig. 1 illustrates the operational features of two conventional SIC schemes proposed in [10] and [14] . For convenience, the SICs [10] and [14] are denoted as SIC #1 and SIC #2, respectively. Upon detecting an event, SIC #1 and SIC #2 switch the reference for MPPT control, P MPPT , to the reference for SIC, P SIC , as shown in Fig. 1(a) . The P SIC in SIC #1 and SIC #2 consists of two periods: an overproduction period, T OP , and an underproduction period, T UP (see Figs. 1(b) and 1(c)). In both schemes, a constant ΔP OP is added to P 0 , which represents the power reference prior to an event. This means that P SIC instantly increases from point A to point B and is maintained from point B to point C.
Conventional SIC Schemes of a DFIG
To prevent OD, SIC #1 rapidly reduces the output at point C, which means that P SIC moves from point C to point D in Fig. 1(b) . Such a large reduction rate may cause an SFD. In order to minimize this problem, SIC #2 reduces its output in a ramp-like rather than step-like manner (see Fig. 1(c) ). To ensure a slow reduction rate, a large T drop is desirable. However, an excessively large T drop extracts too much KE from a WTG, which could in turn cause OD. Conversely, an excessively small T drop results in a rapid output drop, thereby causing an SFD. In [14] , 10 s is used for T drop . Consequently, SIC #2 partly lessens the degree of an SFD, but is unable to completely prevent it.
In SIC #1, ΔP OP and ΔP UP are assigned values of 0.10 p.u. and 0.05 p.u., respectively, while T OP and T UP are respectively set to 10.0 s and 20.0 s. Conversely, ΔP OP is determined by the KE in SIC #2 so as to improve the FN more than in SIC #1, whereas ΔP rec is set to 0.05 p.u. (as in SIC #1). Unlike SIC #1, T UP is not fixed and lasts until P SIC reaches P MPPT .
Proposed Hybrid Reference Function for SIC
This proposed SIC scheme aims to (1) improve the FN more than in conventional SIC schemes and (2) prevent OD by converging the rotor speed into a stable operating region. To achieve these objectives, a hybrid reference function separately defined prior to and after the FN is proposed. Fig. 2 illustrates the operational features of the proposed scheme.
To achieve the first goal, P SIC is defined in the time domain and maintained until the FN. Here, P SIC may be expressed as
where P 0 is the power reference prior to a frequency event and ΔP is a constant.
To raise the FN, ΔP in (1) is defined as
where P Tlimit , ω 0 , ω min , and ω max are the torque limit referred to power, the rotor speed prior to an event, and the minimum and maximum rotor speeds, respectively. The first term on the right hand side in (2) is the power margin, defined as the difference between P Tlimit and P 0 . Both P Tlimit and P 0 depend on the wind and rotor speeds. The second term, which is a weighting factor of the power margin, is defined as the ratio of the releasable KE of a WTG to the maximum releasable KE. Note that the weighting factor is set to 1 at ω max and 0 at ω min . This means that, at ω max , ΔP is set to the power margin in order to improve the FN, whereas at ω min , ΔP is set to 0 to avoid OD. Fig. 3 illustrates the relationship between ΔP and ω 0 at various rotor speeds for the proposed scheme. In the proposed scheme, ΔP has the maximum value at ω 0 of 1.14 p.u.
As shown in Fig. 2(b) , P SIC instantly increases from point A to point B, and is maintained from point B to point C. This locus from point A to point C shows a pattern similar to those of SIC #1 and SIC #2. However, to achieve the second objective, P SIC is defined after the FN as min 0 min ( ) ( )
where ω, ω ' , and K are the rotor speed, rotor speed at the FN, and a quotient, respectively.
The reference in the form of (3) ensures stable operation of a DFIG during inertial control because it prevents OD. The reason for this is as follows. As shown in Fig. 2(c) , P SIC meets the mechanical input, P m , at point D under various wind conditions. Point D is also located within a stable operating range, i.e., between ω ' and ω min . Thus, the rotor speed stays within a stable operating region.
From (3), it can also be seen that P SIC decreases as ω is reduced. This means that the output of the DFIG gradually decreases. As shown in Fig. 2(b) , P SIC exhibits a smooth decrease from point C to point D, thereby helping to prevent an SFD.
To explain this scenario, differentiation of (3) gives
The reduction rate of P SIC , dP SIC /dt, remains at a small value except in the initial stage. This serves to facilitate SFD prevention.
To improve the FN upon detecting an event, the proposed scheme instantly increases the output until the FN. After the FN, the output is reduced with the rotor speed to prevent OD; this ensures stable operation of a DFIG. Furthermore, an SFD can be avoided due to the small output reduction rate. Fig. 4 shows the model system used in this study to investigate the performance of the proposed scheme; it includes 900 MW SGs, 550 MW motor and static loads, and a 100 MW DFIG-based wind power plant (WPP). The model system is simulated using an EMTP-RV simulator.
Model System

SGs
Six SGs are included in the model: two 200 MVA SGs, two 150 MVA SGs, and two 100 MVA SGs. All SGs are assumed to be steam turbine governors to benchmark the Korean power system, which has a low ramping capability. In addition, IEEEG1 is used to model the steam turbine governors [16] ; the droop gain of the SGs was set to 5%, a typical value for the governor setting. Fig. 5 illustrates the typical configuration of a DFIG, which consists of a wind turbine model, two-mass shaft model, and DFIG controllers [3] .
DFIG Model
The mechanical input power extracted from the wind, P m , can be represented by 
Because (6) is used in this work, the maximum c p and optimal λ become 0.5 and 9.95, respectively [17] .
A two-mass shaft model is represented by 2 ( 
where
, and D g are the inertia time constants, angular speeds, torques, and damping constants of a wind turbine and a generator mass, respectively; K s , D s , θ s , and ω are the shaft stiffness, damping constant, torsional twist, and base value of angular speed, respectively. The DFIG controller determines the reference signals for a rotor-side convertor (RSC) and grid-side converter (GSC). The RSC controls the active and reactive power injected into a power system, whereas the GSC maintains the DClink and controls terminal voltages.
DFIG-based WPP
As shown in Fig. 6 , the cut-in, rated, and cut-out wind speeds are 4 m/s, 11 m/s, and 25 m/s, respectively. The stable operating range of the DFIG is from 0.7 p.u. to 1.25 p.u. To obtain realistic results, both power and torque limitations are considered here. The power limit was set to 1.2 p.u., while the maximum torque limit was set to 1.17 p.u.
Case Studies
The performance of the proposed scheme under various wind conditions and wind power penetration levels will now be discussed. Here, wind speeds of 11 m/s and 7 m/s were utilized, while wind power penetration levels of 18.2% and 32.7% were employed.
As a frequency event, SG 6 , which is generating 70 MW before the event, is tripped out at 40.0 s. In SIC #1, T OP and T UP are assigned values of 10.0 s and 20.0 s, respectively, while ΔP OP and ΔP UP are respectively set to 0.10 p.u. and 0.05 p.u. In SIC #2, T OP and T drop are assigned values of 20.0 s and 10.0 s; ΔP UP is set to different values under various wind conditions, whereas a value of 0.05 p.u is used for ΔP rec . To achieve fast frequency recovery, K is set to 0.5 in the proposed scheme. Note that secondary frequency control of a power system is not considered in this study and thus, the system frequency does not completely recover to 60 Hz in the case studies. However, such an issue was not addressed, as it lies beyond the scope of this work. Fig. 7 shows the results obtained for Case 1, in which the wind speed is the rated wind speed and thus, maximum KE is stored in the rotating masses of the DFIG. In the proposed scheme and SIC #2, ΔP was set to 0.24 p.u. and 0.18 p.u., respectively. As shown in Fig. 7(a) , the FNs for "no inertial control," SIC #1, SIC #2, and the proposed scheme are 59.39 Hz, 59.48 Hz, 59.54 Hz, and 59.55 Hz, respectively. This is because the proposed scheme releases a slightly larger output than SIC #2 until the FN (at 43.1 s), and a significantly larger output than SIC #1 after an event (see Fig. 7(b) ). Note that in this case, SIC #1, SIC #2, and the proposed scheme do not cause OD due to the large amount of KE.
The proposed scheme does not cause an SFD, as the rate of change in the output is smaller than that in SIC #1 and SIC #2. In SIC #1, the output is maintained until 50.0 s, at which point it instantly decreases. Consequently, a large SFD begins at 50.0 s. In SIC #2, the output decreases along with P Tlimit up to 54.2 s, which means that the reference exceeds P Tlimit . The output then starts decreasing in a ramplike manner. Thus, when compared to SIC #1, a smaller and slower SFD starts in SIC #2 at 53.8 s.
In SIC #1, the rotor speed decreases from 40.0 s to 50.0 s, and then recovers from 50.0 s to 70.0 s. In SIC #2, the rotor speed decreases from 40.0 s to 57.0 s, and then recovers after 57.0 s. Conversely, the rotor speed for the proposed scheme decreases and eventually converges to 1.01 p.u.
Case 2: Wind Speed of 7 m/s and Wind Power Penetration Level of 18.2% Fig. 8 shows the results for Case 2, which is identical to Case 1 except for the smaller wind speed. Thus, ΔP for the proposed scheme and SIC #2 are set to 0.07 p.u. and 0.13 p.u., respectively. Note that in the proposed scheme, ΔP is reduced to 29% of that obtained in Case 1, whereas in SIC #2, it is reduced to 72% of the ΔP in Case 1.
In Case 2, SIC #1 and SIC #2 cause OD, while no OD is produced with the proposed scheme (see Fig. 8(c) ). Consequently, SIC #1 and SIC #2 produce SFDs, but they are caused by OD rather than a significant output reduction rate, as in Case 1. As shown in Fig. 8(a) , the FN of the proposed scheme is 59.40 Hz, which is 0.03 Hz higher than that for "no inertial control", but lower than those of SIC #1 and SIC #2. This is because SIC #1 and SIC #2 provide a larger ΔP than the proposed scheme (see Fig. 8(b) ). Thus, OD occurs at 48.8 s for SIC #1 and 46.7 s for SIC #2. At those particular times, SIC is disabled, leading to a sizable decrease in the outputs of SIC #1 and SIC #2. Note that in this case, the second FNs in SIC #1 and SIC #2 are larger than the first FNs.
As in Case 1, the rotor speed in the proposed scheme decreases and eventually converges to 0.74 p.u., which is within the stable operating range. In contrast, the rotor speeds in SIC #1 and SIC #2 reach a minimum and then Fig. 9 shows the results for Case 3, which is identical to Case 2 except for a higher wind power penetration level. In this case, the ΔP values for the proposed scheme and SIC #2 are the same as those obtained for Case 2 due to the identical wind conditions. As expected, the FN for "no inertial control" decreases to 59.29 Hz because of the reduced system inertia. The proposed scheme increases the FN by 0.13 Hz to 59.42 Hz. However, as in Case 2, this value is smaller than the first FNs of SIC #1 and SIC #2 since ΔP in these SICs is larger than that in the proposed scheme.
Note that the second FNs in SIC #1 and SIC #2 are 59.47 Hz and 59.41 Hz, respectively, which are lower than the first FNs. Furthermore, the second FN of SIC #2 is lower than the FN of the proposed scheme. The reason for this is as follows. As in Case 2, the two conventional SICs release more power than in the proposed scheme at a low wind condition. Therefore, OD occurs at 48.6 s for SIC #1 and 46.8 s for SIC #2. In contrast, the proposed scheme does not cause OD. The significant output reduction rate in SIC #1 and SIC #2 causes an SFD, while no SFD is produced in the proposed scheme. The value of ΔP for SIC #2 is larger than that for SIC #1 and thus, OD occurs earlier than in SIC #1.
As in Case 2, the rotor speed in the two conventional schemes reaches a minimum operating speed. However, the rotor speed in the proposed scheme decreases and eventually converges to 0.74 p.u., which is the same value reached in Case 2.
Conclusions
In this paper, a hybrid reference function for the stable SIC of a DFIG is proposed to prevent OD while improving the FN. To achieve this objective, the proposed reference is separately defined prior to and after the FN. In order to improve the FN, the reference is instantly increased by additional power prior to the FN, and then maintained until the FN. After the FN, the reference decreases with the rotor speed to prevent OD.
The obtained results demonstrate that the proposed scheme can prevent OD while improving the FN under various wind conditions and wind power penetration levels. In addition, the rotor speed of a DFIG converges within a stable operating region. The proposed reference also results in a small output reduction rate, thereby preventing an SFD.
The advantage of the proposed scheme is that it provides fast frequency support to a power system and stable operation of a DFIG under various wind conditions. Furthermore, the scheme is adaptive to both the size of an event and the level of inertia available in a power system.
